It is common to find materials that show strikingly different properties between its bulk and nanometric forms. In this paper we show how to link the electronic structures of two III-V systems, one a direct gap material, GaAs, and the other an indirect gap material, GaP, from their bulks right down to the shape of thin nanowires. The understanding of how these changes occur represents a scientific and technological challenge and is relevant for the design and prediction of novel nanostructured materials. GaAs and GaP bulk and nanowire systems are studied in the zincblende and wurtzite structures both free of strain and subjected to biaxial strains perpendicular to calculating only the bulk bands it is possible to describe the behavior of the nanowire bands even for very thin nanowires. The effects on the band structures due to biaxial strain are analogously analyzed, providing for bulk GaP the first results in literature. The role of confinement, and surface relaxation, in determining the nanowire electronic structure of thin nanowires are analyzed separately revealing that the change in the nature of the band gap is due mainly to surface relaxation effects, not confinement. We show that the change for indirect/direct of the gap from the bulk to the 1D systems is mainly due to the competition between the energies of bulk conduction valleys which are differently influenced by confinement and strain. This effect is shown also by other low dimensional materials like the 2D materials extending only few atomic layers in one dimension.
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The competing valleys are already present in the bulk band structure. While the main effect of confinement is to open all gaps it is not necessarily the main cause of the direct/indirect change in the nature of the electronic gap as instead is usually claimed in the literature. Our study can be used to understand and engineer the structure of many nanostructures systems by just better analysing the behavior of the bulk bands. 
I. INTRODUCTION
The comprehension of how different materials properties transform when the spatial dimensions are reduced is not an obvious task. Experimentally, it would require a systematic study that monitors the evolution of the properties of several samples over the whole range of sizes and shapes between the bulk and the smallest nanopieces of a given material. Further, is not easy for the experimentalist to separate out the influences of the different factors concurring to produce a given result for each analyzed sample. Some electronic properties, in particular, can only be properly understood through appropriate theoretical treatments, e.g., the nature and ordering of the electronic levels in each sample. Ab initio theoretical approaches allow for a precise description of materials properties for samples at the two extremes, the infinite size bulk system (with translational symmetry) and the nanosamples of a given system. In addition, it is possible for the theorists to isolate the different factors contributing to produce a given measured result. Hence, an appropriate theoretical study can allow for an unique understanding of how the properties of bulk and nano samples of a given material are related, and how these relationships change from material to material.
Semiconductor nanowires (NWs) are considered promising systems for different kinds of technological applications including, for instance, light emitting diodes (LEDs) [1] , lasers [2] , solar cells [3, 4] , and high electron mobility transistors (HEMTs). [5, 6] One of the advantages in the use of these nanomaterials is related to their synthesis process, which allows a precise control of their characteristics. [7] In addition, the large surface to volume ratio of NWs enables an efficient strain relaxation that makes it possible to grow nanowire heterostructures (NWHs) from materials with mismatched lattice constants, a fact that would not be possible in the conventional 2D films. For the III-V NWs, in particular, the exploitation of the allowable degrees of freedom such as compositions, structural politypes, orientations, diameters, surface passivation, and doping, can be used to tune their electronic structure properties. It is therefore decisive to understand how these various variables influence the electronic structure of a NW, taking as the starting point the usually well known electronic structures of the bulk systems.
In this work we focus on GaAs and GaP NWs. The reason is that these NWs show a huge potential for nanophotonics and nano-optoelectronic applications. GaAs NWs are lattice matched to Ge while GaP NWs to Si, allowing for a nice integration with the micro-electronic circuits. GaAs NWs have been extensively studied whereas GaP NWs have been studied much less. GaP NWs have been shown to emit in the green with a very intense photoluminescence signal even if the expected first emission has been shown to be dark. [8] High quality heterostructured NWs built from GaAs, GaP and GaAsP were grown [9] , both in the axial geometry as well as in the core-shell one. Also high quality GaAs NWs with mixed zinc-blende and wurtzite structure have been grown. [10] We are mainly interested on how the band edges around the main gap between occupied and empty electronic states develop starting from the electronic structure of the binary compounds. In a previous study Peng et al. have shown how the type of the band gap of GaAs NWs (direct or indirect) is determined by the competition between different valleys at the conduction band edge whose energies can be tuned by subjecting the NW to a given strain. [11] We investigate the origin and characteristics of the conduction and valence band valleys for both GaAs and GaP NWs. In their bulks GaAs is a direct gap semiconductor, whereas GaP is an indirect gap semiconductor. We analyze the effects on the conduction and valence edge valleys due to the structure (zinc-blende (ZB) or wurtzite ( WZ)), dimensions, confinement, sidewall atomic relaxation, and biaxial strain (the kind of strain arising when the materials are grown one on top of the other). We also compare the electronic structures of GaAs NWs with those of the much less studied GaP NWs. 
II. METHODOLOGY
The first principles calculations are based on the Density Functional Theory (DFT) [12, 13] as implemented in the open source package QUANTUM ESPRESSO (http://www.quantumespresso.org). [14] For the electronic exchange and correlation potential we used the local density approximation. [15, 16] The interaction between the valence electrons and the atomic cores are described by separable norm-conserving core-corrected pseudopotentials. [17, 18] These pseudopotentials have shown to be quite efficient (convergence at a small cutoff and prediction of good structural properties) in a number of occasions. [19, 20] III. RESULTS
A. GaAs and GaP binary systems
Since the DFT-LDA scheme leads to a general underestimation of the band gaps the aim of this section is to investigate the possibility to obtain meaningful trends for the electronic structure of the GaAs-GaP compound systems. Calculations are carried out for the binary compounds and, wherever possible, comparisons are made with other theoretical works and experimental results.
For the ZB structures, we have calculated the total energy as a function of the lattice parameter using a 40 Ry cutoff on the plane waves expansion, and have fit the results to the Murnaghan equation. [22] For the WZ structures, instead, to obtain the equilibrium geometry (lattice parameters a and c need to be optimized simultaneously), we have calculated the total energy using a cutoff energy of 150 Ry and an optimization procedure for both the cell parameters and the atomic positions. The results for the structural parameters and the band gaps of the bulk materials are shown in Table I . The WZ compounds do not exist at normal ambient conditions and their data have been calculated only as a reference to the results obtained on the corresponding NWs (where the dominant phase at relatively small diameters is actually the WZ phase).
As we can see in Table I , the equilibrium lattice constants for the binaries in the ZB structure are in good agreement with the experimental values. The LDA underestimation of the lattice parameters (∆ a ) is 0.047Å for GaAs and 0.051Å for GaP, similar for the two 
GaAs smaller). These underestimations of the main gaps between the valence and the conduction bands are similar for the two materials.
The calculated value of the c/l ratio is larger than the ideal one show the band structures of the same two binary systems along the symmetry directions of the hexagonal Brillouin Zone of the WZ structure.
In the ZB phase, GaAs is a direct gap material while GaP is an indirect gap semiconductor with the conduction band minimum (CBM) near the X-point (at k = 0.85 (2π/a) along the ∆ direction) as shown in Fig. 1(b) . The calculated band gap for GaP at the G-point is 1.935 eV, the band gap difference between this value and the minimum gap is 0.52 eV. The experimental band gap at the G-point is 2.895 eV, with the experimental difference between direct and indirect gap being 0.545 eV, close to our theoretical result.
In the WZ phase, the band gap value is similar to that of the ZB phase in the case of GaAs, while for GaP it becomes direct and smaller. Similar trends were found by Belabbes et al. [27] with the band gaps calculated using the LDA-1/2 method. [28, 29] Actually, Yeh,
Energy ( Wei and Zunger [30] established three rules to predict the band structure of a WZ compound from its ZB energy levels. For GaAs, the authors found that the corresponding WZ system will be direct with a slightly larger gap. For GaP, on the other hand, the band gap becomes pseudodirect in the WZ phase. This indirect-pseudodirect transition occurs because the L 1C
state is close to the CBM at X 1C . A direct experimental comparison between ZB and WZ bulks is not possible since WZ bulks are not available. There is no a definitive conclusion in the literature about the values obtained for the band gaps of GaAs in the WZ and ZB phases. [26, [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] In Table II we report the calculated and experimental energy band gaps at different k-points. For GaAs, we have found differences between these two quantities of 0.72, 0.61 and 0.73 eV at the G, X and L points. For GaP, these quantities are 0.97, 0.90 and 1.07 eV. In percentage terms, the obtained values for these differences were 47% (34%) at the G-point, 31% (38%) at the X-point and 40% (39%) at the L-point for GaAs (GaP). The underestimation of the gaps is seeing to have almost the same percentual magnitude for
GaAs and GaP over all the Brillouin zone. These results for the binary compounds reassure us that despite the gap underestimation the main trends in the electronic structures can be realistically appreciated in our LDA calculations.
B. Biaxially strained GaAs and GaP binary systems
When few layers of a material A are grown on top of a material B whose lattice constants do not precisely match, the accumulated stress can be relaxed by forming structural defects that alter the electronic and optical properties of the combined system. NWs, because of the lateral surfaces, can better adjust the stress due to the lattice misfit between the two materials, through lateral strains at the NW surface, and the top layers can grow in a pseudomorphic way without forming such defects at the interface. Thus, some combinations of materials can be obtained by growing one on top of the other in the NW form, but not in the bulk. For the case of the WZ structure there is not change of the crystal symmetry, which remains hexagonal under biaxial stress in the plane orthogonal to the [0001] direction. For the ZB structure, on the other hand, the stress reduces the crystal symmetry from the cubic symmetry to the hexagonal one. This leads to a change of the Brillouin Zone of the ZB structure from the truncated octahedron to the hexagonal one. The corresponding high symmetry points G, X, L of the ZB Brillouin Zone are remapped into k-points of the hexagonal Brillouin Zone, as shown in Figure 2 . The X points of the ZB Brillouin Zone go onto the M points of the hexagonal Brillouin Zone. In the same way, the two L points, with coordinates (1/2, 1/2, 1/2) and (-1/2, -1/2, -1/2) along the direction of folding, become the A points, while the other six L points are still labeled L points in the hexagonal Brillouin Zone.
We can see from Fig. 2 that in general the compression of the in-plane lattice parameters leads to a shift of the eigenvalues towards higher energies, while a dilation leads to a lowering of the eigenvalues. Furthermore, we notice that the trends are almost linear in all cases, albeit with a different slope for each level. Fig. 2 (a) shows that ZB GaAs switches from a direct to an indirect gap when its in-plane lattice parameter squeezes circa 3.2%. The On the contrary the binaries in the WZ structure Fig. 2 (c) ,(d) remain always direct gap materials. The only relevant difference between GaAs and GaP is the steeper slope of the conduction minimum at G in GaP than in GaAs (a feature presented also by the ZB structure). Also, in all cases the A point state is the most sensitive to the biaxial strain.
In Table III In the case a = a GaP , GaAs is under an in-plane compressive strain so it stretches along the growth direction whereas GaP is unstrained. For a = a ave , GaAs is under a lower inplane compressive strain while GaP is under an in-plane tensile strain so its lattice parameter shortens along the [111] and [0001] directions.
The band gaps of GaAs in the ZB and WZ phases are both direct at a = a ave and indirect at a = a GaP . For the GaP, on the other hand, the band gaps are indirect at both values of a in the ZB phase and direct in the WZ phase. Figure 3 shows representative cross sections and atomic positions along the growth directions of the largest studied NWs.
We used tetragonal supercells having the minimum size along the growth direction, i.e., √ 3a for the ZB and c for WZ where a and c are the bulk lattice parameters. In order to avoid interactions between the images at different cells, the lateral dimensions of the tetragonal cells were adjusted to accommodate a vacuum layer of approximately 10Å. Table IV shows the equilibrium lattice constants and the band gaps obtained for the ZB and WZ NWs.
The calculated band structures for the largest GaAs and GaP NWs with ZB and WZ structures are shown in Fig. 4 . The band structures for the thinner NWs are very similar and will not be shown here. As expected, the lateral quantum confinement increases the 
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GaAs GaP GaAs GaP energy separation between the valence and conduction bands with respect to their bulk counterparts, increasing their band gaps. Figure 5 shows the behavior of both direct and indirect band gaps (C A and C B in Fig.4 , respectively) as a function of the NW diameters. We first emphasize that, for the range of studied diameters, there is no change in the band gap character (direct or indirect) for both GaAs and GaP NWs. This allows us to restrict the analyzes hereafter to only a given diameter for each NW.
The main fact to highlight here is that the character of the band gaps in both NWs and for each structure (ZB, WZ) is opposite to those of the respective bulk counterparts. This is due to the competition between the energies of the bottom states in the two A and B valleys at the conduction band edges. The reasons to these differences are related to the reduced dimensionality of the NWs, which will be evidenced through (i) band folding, (ii) confinement, and (iii) surface relaxation effects. Here we will not analyze surface reconstruction effects since the NWs have their surface bonds saturated by hydrogens with fractional charges.
Contributions due to band folding effects
Comparing the band structures of the ZB NWs (Fig. 4 (a) and (b) ) and ZB binary systems along the G-L direction (Figure 1 (a) and (b) ) which corresponds to the G-L [111] direction of the NWs, it is possible to see that in both cases we have a conduction valley around the G-point, much less dispersive in the case of the NWs than in the case of bulk GaAs and GaP systems, and an additional conduction valley around the L point. In GaAs the valley at G is lower in energy than the valley at L. For GaP the opposite is true. On the other hand, for the WZ NWs, the conduction edge (see Fig. 4 (c) and (d) ) with its two valleys, one at G and the other before Z, is completely different from the band states at the conduction edge of the WZ bulks along the G-A [0001] direction (Fig. 1 (c) and (d)) where only one valley is present at the G point, even considering that the NWs share the hexagonal symmetry of a WZ bulk more than that of the cubic ZB bulk.
In order to understand the origin of the two valleys at the bottom of the conduction bands in the NW systems and link them to the states in the corresponding binary systems we studied the band folding upon the [111] and [0001] directions due to confinement effects in the NWs.
In the NWs there will be a discrete set of periodic motifs at directions perpendicular to the NW axis. This leads to the folding of discrete levels, parallel to the NW axis, onto to the NW band structure along its axial direction. As the NW diameter increases, more periodic motifs will appear, leading to an increasing number of folded states (that are parallel to the NW axis), along the translational symmetry direction of the NW. In the bulk limit all the bands along all the directions parallel to the NW axis will fold exactly onto the considered symmetry direction, generating the bulk band structure along that direction. In the case of the WZ band structures the C A valley is related to the original valley at the G point for both GaAs and GaP, and the C B valley is related to a folded band. For the ZB band structures we observe a different behavior. In the case of GaAs, the C A valley is the same G valley of the unfolded dispersion, and the C B valley is also due to the original dispersion along the G-A direction, when the ZB phase is described using the hexagonal unit cell. No contributions from the folding are apparent. In ZB GaP, instead, the C A valley derives from a folded band while the C B valley is related to the original dispersion along G-A. This shows that the direct gap at G in ZB GaP, obtained by this folding procedure, is in fact a pseudo-direct gap. We should note also that the bottom edge of the conduction bands along G-A could be lower in energy and with a slightly different shape than that estimated by simply folding only the M-L bands onto the G-A bands since not always the lowest conduction states occur along the M-L or G-A directions but they could occur along others of the directions parallel to G-A.
Contributions due to confinement and surface relaxation effects
We have seen that we can roughly reproduce the behavior of the valence and conduction band edges in the NWs just folding the binary bands in the appropriate way. This result can be useful since it allows to estimate the modifications in the band structures of the NWs just using the binary band structures which are much easier to calculate and often experimentally known. We will now look at the contributions to the electronic structure of the GaAs and GaP
NWs (ZB and WZ) arising from the spatial confinement and surface relaxations. Starting from the bulk materials, we first apply biaxial stress and look at the folded band structures. belong always to the original dispersion.
We will now look at the confinement effects on the electronic structure of the GaAs and GaP NWs starting from the strained binary systems. We have constructed GaAs and GaP NWs, with diameters of approximately 1.5 (2.0) nm for the ZB (WZ) structure by appropriately cutting the corresponding strained binary compounds with a = a ave . The dangling bonds were saturated with pseudohydrogen atoms. With these geometries we have 
IV. SUMMARY AND CONCLUSIONS
In this work we have studied the electronic properties of GaAs and GaP NWs. The calculations are based on the Density Functional Theory. The NWs sidewalls were passivated using pseudohydrogen atoms.
We have followed the evolution of the band edge states from their dispersion in the bulk compounds to the unidimensional dispersion in the NWs. We considered two different compound semiconductors: GaAs, having a direct gap and GaP that has an indirect gap This results show how important could be the engineering of the NW sidewalls in thin NWs, other than the strain, to tune the NW band edge dispersion.
